Chlamydomonas reinhardtii across two stress 1 gradients 2 3 Running title: Fitness effects of new mutations under stress 4 5
1 each day to provide estimates of culture density. Absorbance values below 0.01 do not provide 2 reliable estimates of cell density, and this places a lower threshold on the culture density that we 3 can estimate using this method. However, this threshold corresponds to a cell density of about 1 4 x 10 5 cells per ml, which is well below the cell density at which exponential growth ceases 5 (approximately 1 x 10 7 cells per ml), and so this method allows us to estimate the maximum 6 growth rate of cultures once they pass this detection threshold.
8
The maximum growth rate of each culture was calculated as 9 1 0 (ln(absorbance 2 ) -ln(absorbance 1 ))/(t 2 -t 1 ),
1 1 1 2
where t 1 and t 2 are the times in hours of the first two assays, at which an absorbance above 0.01 1 3 detection threshold of the plate reader was measured for a culture, which corresponds to the 1 4 period of fastest growth under these assay conditions. absorbance 1 and absorbance 2 are the 1 5 absorbance values at these two time point, respectively. Since cultures in different environmental 1 6
conditions differed in their time to reach the absorbance threshold, the actual values of t 1 and t 2 1 7 differed for different cultures. Cultures that failed to grow were assigned a growth rate of 0.
For logistical reasons, it was not possible to assay both stress gradients concurrently.
9
Instead, we first assayed all MA lines across the NaCl gradient, and carried out the assays for the 2 0 phosphate gradient two weeks later. NaCl or Phosphate concentration between the two focal environments). We then generated 1 0 10,000 permuted data sets by randomly assigning the environmental difference scores to the 1 1 pairwise component estimates without replacement and repeated the regression analysis on each.
2
We subsequently utilized the resulting distribution regression statistics as a null-hypothesis to 1 3 test for significant effects of total GxE, genetic correlation of growth and variation of the genetic 1 4 standard deviation with respect to differences between environments 1 5
The expressed genetic variation was calculated based on the relative fitness values of MA The growth rates of the MA lines and their ancestors were significantly reduced by 2 3 decreasing phosphate and increasing NaCl concentrations (linear mixed models, effect of stress 2 4 treatment on growth rate, all p < 0.001, Table 1 , Figure 1 ). Across the gradient of decreasing 2 5 phosphate concentration, growth was reduced by 65%, while increasing NaCl concentration 2 6
reduced growth by 84%. Although the MA lines grew on average 20% more slowly than their 2 7
ancestors across all conditions, we found no evidence that the stress treatments impacted MA 2 8 line growth rates differently compared to paired ancestral pseudoreplicates (linear mixed models, 2 9
interaction between type (MA or ancestor) and stress level, all p > 0.05, Table 1 , Figure 1 ). Thus, 3 0 1 0 the magnitude of the average reduction in maximum growth rate due to accumulated 1 spontaneous mutations appears to be unaffected by stress. well as providing estimates that can be compared to other organisms with different generation 1 9
times. In contrast to results obtained using raw growth rates, we found that stress exacerbated the 2 0 effects of mutations: we detected a weak but significant effect of increasing NaCl stress on 2 1 relative fitness (linear mixed model, effect of stress level on relative fitness of all MA genotypes 2 2 nested within their respective ancestor, p < 0.01, Table 2 , Fig. 2 ).
3
Although MA line genotypes derived from one of the ancestors, CC-2344, also showed a 2 4 slight decrease in relative fitness under the highest phosphate stress, we did not detect a 2 5 significant effect of stress level on relative fitness under this stress regime (linear mixed model, 2 6 effect of stress level on relative fitness of all MA genotypes derived from both ancestors, all p = 2 7 0.15 and p = 0.55 respectively, Table 2 , Fig. 2 ).
8
MA genotypes under NaCl stress showed a significant interaction between stress levels 2 9
and genotype ( Table 3 ). However, we did not detect any 5 such effects for the two MA lines under phosphate stress (linear mixed models, interaction of 6 stress level with each MA line genotype, p > 0.05, Table 3 ). We also performed all analyses 7 based on relative fitness unscaled by ancestral generation time (1-s). Importantly, we did not 8 detect any effect of stress level on fitness, nor any significant GxE interactions between genotype 9 and stress level (Supp. Fig. 2 , all p > 0.05). 
4
The results of our study underscore the importance of this distinction. Basing our 2 5 analyses on growth rates alone, we found no evidence that de novo mutations changed growth 2 6
rates across gradients of the two stressors, as evident by a lack of a significant interaction 2 7
between the decrease in growth rate and whether or not genotypes had accumulated mutations.
8
Similarly, analyses based on Malthusian fitness parameters showed no effects of stress level 2 9
treatments on relative fitness. However, relative fitness corrected by ancestral generation times 3 0 under the same conditions was impacted by environmental deterioration along one of the two 3 1 stress gradients we investigated. In other words, the increase in generation time caused by 3 2 1 3 stress means that the relatively uniform effects of mutations on growth rates seen across the 1 gradient translates into a greater reduction in absolute fitness per generation since generation 2 time is longer in the more stressful environments. This in turn implies that we would see a 3 greater change of gene frequencies between generations in stressful environments. Specifically,
4
we observed a significant decrease in relative fitness in the highest NaCl concentration 5 investigated. This environment causes an on average 84% decrease in growth rate and is close to 6 the lethal limit for most MA lines. While there is some suggestion that high phosphate stress 7 causes a decrease in relative fitness in MA line genotypes derived from one of the two ancestors, 8 this effect was not significant. The highest phosphate stress caused a smaller fitness decrease in 9 the ancestors (65%) than our high NaCl stress (84%), so this difference may simply reflect a 1 0 difference in the severity of stress that our gradients imposed. A systematic comparison of 1 1 mutational effects and severity of the stressful environment remains to be undertaken to 
8
We also tested whether increased environmental stress affected the expressed genetic 1 9
variation both between and within environments. Only MA genotypes derived from one of the 2 0 two ancestors showed significant GxE interactions, and only under NaCl stress. When we 2 1 partitioned these interactions into their components, they seemed to be mainly driven by an 2 2 increase of the variation of the genetic standard deviation of genotype fitness across increasingly 2 3 different NaCl concentrations. However, all other MA genotypes and stressors investigated did however, that lines and stress conditions that had the strongest effect on relative fitness in our 1 experiment also show an increase of expressed genetic variation under deteriorating conditions.
2 Thus, changes in expressed genetic variation under environmental deterioration might be both 3 depending on the genetic background as well as the exact nature of the stress. We find our results 4 of limited effects of non-density dependent stressors on selection to be in accordance with 5 expectations formulated by Agrawal and Whitlock (2010) . However, we did not contrast density 6 and non-density dependent stressors explicitly here.
7
Although mutations mostly had a constant effect across stress levels, fitness was affected 8 both by the type of stress and the ancestor from which a MA genotype was derived. Thus, 9 accurately predicting fitness responses based on the number of mutations might require a 1 0 mechanistic understanding of the gene in which a given mutation resides. For example, 1 1 mutational effects might be amplified if the gene carrying them is part of the core genome, 1 2
whereas the effects of mutations in condition-dependent genes will be harder to detect, and 1 3 depend on the assay conditions. Likewise, effects of mutations in highly connected genes may be 1 4
impacted by the gene's epistatic interactions (Draghi and Whitlock, 2015) . Moreover, the effect 1 5
of a mutation might depend on the genetic background in which the mutation occurs. For 1 6
example, if the ancestral genotype were close to a fitness peak in its native environment, most 1 7
mutations are expected to be deleterious (Fisher, 1958) , therefore, measuring fitness in a novel 1 8 stressful environment where the ancestor is not well adapted will alter our interpretation of a 1 9 mutation's effect on fitness. Lastly, different stresses will impact the physiological state of the 2 0 cell differently and thus might have different interactions with the mutations present.
1
In summary, these results suggest that new mutations obtained by mutation accumulation 2 2 may have environment-specific effects on relative fitness. The implications of this are two fold.
3
First, a stress-mediated release of cryptic genetic variation is possible, especially under highly 2 4 detrimental conditions. Such a release may, on the one hand, increase adaptiveness of a 2 5 seven levels of two different stress regimes (400% (0.6gl -1 ), 200% (0.3gl -1 ), 100% (0.15gl -1 ), 50% (0.075gl -1 ), 25% (0.038gl -1 ), 10% (0.015gl -1 ), and 5% (0.0075gl -1 ) KH 2 PO 4; and 0 to 6gl -1 of NaCl in 1gl -1 increments, ordered by increase in stress level. Error bars show 95% confidence intervals.
Figure 2:
Mean relative fitness of MA line genotypes derived from two ancestral strains under decreasing phosphate 400% (0.6gl -1 ), 200% (0.3gl -1 ), 100% (0.15gl -1 ) , 50% (0.075gl -1 ), 25% (0.038gl -1 ), 10% (0.015gl -1 ), and 5% (0.0075gl -1 ) KH 2 PO 4 ; and increasing NaCl (0 to 6gl -1 of NaCl in 1gl -1 increments) conditions, ordered by increase in stress level. Error bars indicate 95% confidence intervals. Lines indicate a significant relationship between the variables after permutation tests. 
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